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Edited by Judit Ova´diAbstract A new gene encoding a D12 fatty acid desaturase-re-
lated protein was cloned from a multicellular basidiomycete
Coprinus cinereus TD#822-2. The 1326 bp full-length gene, des-
ignated as Cop-odeA, codes for a putative protein of 442 amino
acids with a MW of 49224. The Cop-odeA yeast transformant
accumulated four new fatty acids identiﬁed as 9,12-hexadecadi-
enoic acid, 9,12,15-hexadecatrienoic acid, linoleic acid, and a-
linolenic acid, which comprised 8.8%, 1.0%, 29.0%, and 0.6%
of the total fatty acids, respectively. The Cop-odeA protein
was conﬁrmed to be a novel bifunctional fatty acid desaturase
with both high D12 desaturase activity and unusual D15 desatur-
ase activity.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Coprinus cinereus1. Introduction
Basidiomycete Coprinus cinereus TD#822-2 isolated soil in
Japan accumulates a large amount of linoleic acid (C18:2) as
triacylglycerols in its mycelia, it accounting for more than
70% of the total fatty acids. C. cinereus is a multicellular basid-
iomycete with a typical mushroom form that undergoes a com-
plete sexual cycle, and is well known as a model of sexual
reproduction in cell biology. C18:2 synthesized from oleic acid
(C18:1) through D12 desaturation is a common unsaturated
fatty acid in a wide range of plants and microorganisms, and
is an essential fatty acid for mammals due to their lack of
D12-desaturation activity, therefore, they should obtain it
from dietary sources.
The fungal D12 fatty acid desaturase (D12DS) [1–3] is an
integral membrane-bound protein that acts on C18:1 in lipids,
mainly phosphatidylcholine [4]. Functional analysis of a
D12DS gene from basidiomycete Lentinula edodes has been
reported [2]. The transcriptional level of this gene in L. edodes
was revealed to be higher in fruiting body primordia and ma-Abbreviations: C16:1, palmitoleic acid; C16:2, 9,12-hexadecadienoic
acid; C16:3, 9,12,15-hexadecatrienoic acid; C18:1, oleic acid; C18:2,
linoleic acid; C18:3, a-linolenic acid; FAME, fatty acid methyl ester;
GLC, gas-liquid chromatography; SF, subfamily
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0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.12.031ture fruiting bodies [2]. The D12DS genes from basidiomycetes
Cryptococcus neoformans and Cryptococcus curvatus were
reported, not characterized their function. A bifunctional DS
having both D5 and D6DS activities was found in zebraﬁsh
[5]. On the basis of the eﬃciency of conversion of fatty acid
substrates, the bifunctional DS from zebraﬁsh exhibits higher
activity toward D6DS substrates than D5 ones, and preferen-
tially converts n3 fatty acids rather than n6 ones [5]. In
addition, recently, some bifunctional D12/x3DS in ﬁlamentous
fungi, Fusarium moniliforme, Fusarium graminearum and Mag-
naporthe grisea, were identiﬁed [3]. In particular, the D12DS
from F. moniliforme was shown to have D12DS activity as well
as some x3DS activity [3].
In the present study, we succeeded in cloning a novel bifunc-
tional DS gene, designated as Cop-odeA, from C. cinereus
TD#822-2 and determined its function by heterologous
expression in bakers’ yeast Saccharomyces cerevisiae. This
DS was revealed to have both strong D12DS activity and a
low-level of D15DS activity.2. Materials and methods
2.1. Strains and plasmids
A basidiomycete, C. cinereus TD#822-2, deposited in the AKU cul-
ture collection (Faculty of Agriculture, Kyoto University, Japan) was
used for the cloning of a D12DS gene. S. cerevisiae EH1315 (Dtrp1)
was used as the recipient strain in the transformation experiment [6].
Plasmid pYE22m is a shuttle vector carrying the TRP1 gene for proto-
trophy selection in S. cerevisiae and the promoter and terminator
regions of glyceraldehyde-3-phosphate dehydrogenase of S. cerevisiae
[6].
2.2. Growth media and culture conditions
C. cinereus TD#822-2 was cultured in YPG medium containing
0.1% bacto yeast extract (Becton, Dickinson and Company, MD,
USA), 1.5% bacto peptone (Becton, Dickinson and Company), and
3% glucose, at 28C for 5 days with reciprocal shaking of 120 rpm
for isolation of genomic DNA and total RNA. A complete synthetic
medium without tryptophan reported previously [7] was used for the
selection of yeast transformants. For fatty acid composition analysis,
yeast transformants were cultivated in RY medium, which consists
of 2% raﬃnose, 0.67% yeast nitrogen base without amino acids (Bec-
ton, Dickinson and Company), 1% Tergitol NP-40 (Sigma–Aldrich
Co., MO, USA), 20 lg/ml of histidine, 60 lg/ml of leucine, at 28C
for 2 days.
2.3. PCR-based cloning
The amino acid sequences of D12 and x3 fatty acid desaturases ex-
hibit high homology. For cloning of the Cop-odeA gene, the degenerate
oligonucleotide primers of Omega3-F1 (5 0-TGGGTIYTBGCICAY-
GARTGYGGHCA-3 0) and Omega3-R1 (5 0-TTIGGRTCIGTRT-
GYTGVARRAAIGT-3 0), which had been previously designed forblished by Elsevier B.V. All rights reserved.
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316 S. Zhang et al. / FEBS Letters 581 (2007) 315–319cloning of the x3DS gene from Mortierella alpina 1S-4 [8], were used.
PCR ampliﬁcation was carried out in a total volume of 50 ll contain-
ing 1 lg of genomic DNA, 0.25 ll of TaKaRa LA Taq polymerase (Ta-
kara Bio Inc., Shiga, Japan), 5 ll of 10 · LA Taq buﬀer, 2 mMMgCl2,
200 lM each dNTP, and primers (200 pmol each). Genomic DNA was
extracted from C. cinereus TD#822-2 according to the previously out-
lined procedure [9] as follows: initial denaturation at 94 C for 3 min,
followed by 30 cycles of 94 C for 1 min, 55 C for 1 min and 72 C for
2 min, and a ﬁnal extension at 72 C for 10 min. The ampliﬁed 700 bp
PCR fragment was cloned into the pT7Blue T-vector (Novagen,
Merck KgaA, Darmstadt, Germany) and sequenced. The nucleotide
sequences were determined by using the DNA Analysis System CEQ
2000XL sequencer (Beckman Coulter Inc., Fullerton, CA, USA) on
this study.
Two primers were designed based on the nucleotide sequence of the
700 bp PCR fragment and then inverse PCR (IPCR) was performed.
Primers CopD12-IPCRF2 (5 0-TTGATCCTGGGTCATATGGC-3 0)
and CopD12-IPCRR2 (5 0-GTTTACCTCATCCCCTACC-30) were
used. The ScaI-digested genomic DNAs were self-ligated at 15 C over-
night and then used as templates for IPCR. The PCR mixture and
ampliﬁcation conditions were the same as described above with the
exception of the template concentration (50 ng/ll). The ampliﬁed
1.7-kb PCR fragment was cloned into the pT7Blue T-vector and
sequenced. As a result, the nucleotide sequence of the 2.1 kb-genomic
DNA containing the putative D12DS gene was determined.
The full-length putative D12DS cDNA was obtained with the
Super Script One-Step RT-PCR Kit (Invitrogen Co., CA, USA),
using total RNA of C. cinereus TD#822-2 extracted according to the
method described previously [9] and a pair of primers, CopD12-F3
(5 0-GGTTTCAAGCTTGGGTTTTGGGCAG-3 0) and CopD12-R3
(5 0-GTAGGTGGGGAATGTAGGCGGAAGC-3 0).
2.4. Expression of the Cop-odeA gene in yeast
For the expression of the Cop-odeA gene in S. cerevisiae, two
primers were designed: CopD12-ExF4 (5 0-TTGGAATTCGGG-
CAGTATGGGTGTAAAGAA-30) and CopD12-ExR4 (50-GAATGTC-
GACGGAAGCCTCTACTTTTCTAC-3 0) containing ATG start and
TAG stop sites (italics), and EcoRI and SalI cloning sites (underlin-
ing), respectively. PCR was performed with 1 ng of Cop-odeA cDNA
as a template under the same conditions as described above. The resul-
tant PCR product was digested with EcoRI and SalI, and ligated into
the EcoRI/SalI sites of pYE22m to generate a construct designated as
pYE22m-CodeA, which was transformed into S. cerevisiae EH1315 by
the electroporation method.
2.5. Fatty acid analysis
The fatty acid compositions of the yeast transformants were ana-
lyzed according to the previously described method [8]. The unknown
fatty acid methyl esters (FAMEs) were separated by HPLC with a LC-
10A system (Shimadzu, Kyoto, Japan). A Shim-pack CLC-ODS(N)
column (4.6 · 250 mm, Shimadzu) was used for puriﬁcation of the
unknown FAMEs with a mobile phase of acetonitrile-H2O (8:2, v/v)
at a ﬂow rate of 1.0 ml/min. The column oven was maintained at
35 C, and the eﬄuent was monitored by means of UV detection
(205 nm). Pyrrolidide derivatives of the resultant FAMEs were
prepared and analyzed by GC-MS as described previously [10]. A
GC-MS QP5050 with a GC-17A gas chromatograph (Shimadzu) was
used for mass spectral analyses. The NMR experiment was performed
with a Bruker Biospin DMX-750 (750 MHz for 1H), and chemical
shifts were assigned relative to the solvent signal.6 10 14
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Fig. 1. GLC chromatograms of FAMEs obtained from the yeast
transformants. The control strain (A) and the Cop-odeA transformant
(B) were cultivated at 28 C for 2 days in RY medium.3. Results
3.1. Cloning of the C. cinereus D12DS cDNA
We obtained a 700-bp DNA fragment by PCR-based clon-
ing method from C. cinereus TD#822-2. The deduced amino
acid sequence of this fragment exhibited high homology with
those of other D12DS from fungi. The PCR fragment was then
used as a probe to isolate a whole open reading frame. A 1.6-
kb genomic DNA containing a complete open reading frame
with four introns (61, 89, 56, ad 57 bp) was obtained (DDBJaccession no. AB269266). The cDNA, designated as Cop-odeA,
consisted of 1326 bp and coded for a putative protein of 442
amino acids with a molecular weight of 49224.
The deduced amino acid sequence of the Cop-odeA protein
was compared with those of D12DS and x3DS from several
organisms. That of the Cop-odeA protein exhibited high
identities of 67.6% and 51.4% with those of the D12DS from
basidiomycetes L. edodes and C. neoformans, respectively. Fur-
thermore, comparison of the deduced amino acid sequence of
the Cop-odeA protein with those of the x3DS from M. alpina
and S. kluyveri revealed high identities of 40.0% and 37.2%,
respectively. The three histidine cluster motifs containing eight
histidine residues found in almost all D12DS and x3DS were
highly conversed in the Cop-odeA protein.
Table 1
Fatty acid compositions of the yeast transformants
Fatty acid Fatty acid composition (%)
Control yeast
strain (pYE22m)
Cop-odeA transformant
(pYE22m)
Palmitic acid 13.2 15.8
C16:1 41.7 27.3
C16:2 N.D.a 8.8
C16:3 N.D. 1.0
Stearic acid 7.9 9.6
C18:1 37.2 7.9
C18:2 N.D. 29.0
C18:3 N.D. 0.6
aN.D., not detected.
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To determine the function of the Cop-odeA protein, the
Cop-odeA gene was expressed in yeast S. cerevisiae.
pYE22m-CodeA and control plasmid (pYE22m) were sepa-
rately introduced into the EH1315 strain of S. cerevisiae.
The transformants obtained were cultivated in RY medium,
and their fatty acid compositions were analyzed by gas-liquid
chromatography (GLC) (Fig. 1). The Cop-odeA transformant
accumulated four new fatty acids, named UK1, UK2, UK3,
and UK4.
These fatty acid methyl esters were individually puriﬁed by
HPLC and converted to pyrrolidide derivatives for GC/MS
analysis. In the case of the UK1 and UK2 pyrrolidide deriva-
tives, their mass peaks were found at m/z = 333 and 305, and
the gaps of 26 atomic mass unit (amu) between m/z 196 and
222, and m/z 236 and 262 revealed double bonds at D9 and
D12, respectively. These results demonstrated that UK1 and
UK2 were 9,12-octadecadienoic acid (C18:2) and 9,12-hexade-
cadienoic acid (C16:2), respectively.
The retention time of the UK3 methyl ester on GLC and
HPLC analysis was identical to that of the a-linolenic acid
(C18:3) methyl ester. GC/MS analysis of the UK3 pyrrolidide
derivative demonstrated that its mass peak was at m/z = 331,
and the gaps of 26 amu between m/z 196 and 222, m/z 236
and 262, and m/z 276 and 302 indicated double bonds at D9,
D12, and D15, respectively. UK3 was thus identiﬁed as
9,12,15-octadecatrienoic acid (C18:3).
Finally, on GC/MS analysis of the UK4 pyrrolidide deriva-
tive, its mass peak was found at m/z = 303, indicating that
UK4 is hexadecatrienoic acid, and the gaps of 26 amu between
m/z 196 and 222, and m/z 236 and 262 represented double
bonds at D9 and D12, respectively. The 1H NMR spectrum
of the FAME showed absorption peaks at d = 5.02 and 5.82,
indicating an x1 double bond (Fig. 2). These results revealed
that UK4 was 9,12,15-hexadecatrienoic acid (C16:3).
As shown in Table 1, the fatty acid composition of the Cop-
odeA transformant was diﬀerent from that of the control
strain. Fatty acids of C16:2, C16:3, C18:2, and C18:3 consti-
tuted 8.9%, 1.0%, 29.4%, and 0.5% of the total fatty acids,
respectively, and in contrast, these fatty acids were notFig. 2. 1H NMR analysis of the UK4 (C16:3) methyl ester.detected in the control strain. Concomitantly, the percentages
of palmitoleic acid (C16:1) and C18:1 were decreased in the
Cop-odeA transformant, compared with in the control strain.
The great decrease in C18:1 in the Cop-odeA transformant
demonstrated that the Cop-odeA protein is capable of using
both C16:1 and C18:1, and especially prefers C18:1 to C16:1.4. Discussion
The evolutionary relationship of the fungal D12DS and
x3DS, which consist of 6 subfamilies (SF), is shown in
Fig. 3. The SF1-6 proteins are at least 57.4%, 70.0%, 69.4%,
47.0%, 31.5%, and 48.8% identical to each other in the same
subfamily, respectively. The Cop-odeA protein is most identi-
cal, 67.6% to the D12DS from the basidiomycete L. edodes,
whereas it is only 37.4% identical to the D12DS with some
x3DS activity from F. moniliforme. The Cop-odeA protein is
considered to be a novel bifunctional D12/D15DS diﬀerent
from the bifunctional D12/x3DS from F. moniliforme. Phylo-
genetic analysis suggested that D12DS and x3DS are similar
to each other, being remarkably identical in the same clade.
For example, the x3DS of M. alpina exhibits higher identity
(50.7%) with its own D12DS than other fungal x3DS.
Moreover, the Cop-odeA protein exhibits high identities
(47.0–67.6%) with the D12DS from basidiomycetes, whereas
it exhibits lower identities with the SF1 (<41.4%), SF2
(<39.8%), SF3 (<39.8%), SF5 (<39.4%), and SF6 (<43.6%)
proteins, respectively. These data may indicate that fungal
D12DS and x3DS arosed through independent gene duplica-
tion events in the individual clade.
The Cop-odeA transformant accumulated two major fatty
acids, C16:2 and C18:2, newly synthesized at a D12DS-conver-
sion rate of 52.8% (calculated as [C16:2 + C16:3 + C18:2 +
C18:3]/[C16:1 + C16:2 + C16:3 + C18:1 + C18:2 + C18:3] · 100),
implying the signiﬁcantly high D12DS activity of Cop-odeA pro-
tein. The proportion (8.8%) of C16:2 of the total fatty acids
revealed that the Cop-odeA protein can also use C16:1 as a sub-
strate unlike previously reported D12DS. The high proportion of
29.0% of C18:2 of the total fatty acids implied that C18:1 is the
optimal substrate of the Cop-odeA protein. The C18 conver-
sion rate for D12 desaturation was as high as the level for the
D12DS with some x3 desaturation from F. moniliforme [3]. The
Cop-odeA protein which exhibits high D12 desaturase activity
is expected to be used as a genetic tool for industrial production
of lipid containing a great number of unsaturated fatty acid by
gene-manipulated plants and microbes.
Fig. 3. Phylogenetic analysis of fungal D12DS and x3DS. The phylogenetic tree was prepared by using the GENETYX Version 7.0.3 (Genetyx Co.,
Tokyo, Japan). SF, subfamily. For each sequence, the gene accession no. is as follows: [1] KEGG, orf19.118; [2] GenBank, AB115968; [3] KEGG,
orf19.4933; [4] GenBank, AB118663; [5] GenBank, EAA75859; [6] GenBank, DQ272516; [7] GenBank, XP_365283; [8] nucleotides 326916–328310
(complement) in F. graminearum contig 1.320; [9] GenBank, DQ272515; [10] GenBank, XP_362963; [11] Prf, 3106401DWX; [12] GenBank,
AY572425; [13] GenBank, AB269266; [14] GenBank, AB174848; [15] GenBank, AY373822; [16] GenBank, AY373823; [17] GenBank, AB020033;
and [18] GenBank, AB182163; [19] GenBank, AY623055.
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bifunctional desaturase by cultivating the transformants with
various kinds of unsaturated fatty acids (data not shown).
The results showed that, C18:2(D6,9) and C18:3(D6,9,12) were
eﬀectively incorporated into the yeast cells and converted to
C18:3(D6,9,12) and C18:4(D6,9,12,15), respectively. However,
other fatty acid substrates such as C19:1(D7), C20:1(D5),
C20:1(D11), C20:3(D5,8,11), C20:3(D8,11,14), C20:4(D5,8,
11,14), and C21:1(D12) were not converted to the correspond-
ing fatty acids in the yeast transformant. This may result from
the low incorporation of the substrates into the yeast cells.
The fatty acid composition of C. cinereus consists of C16:0
(10.9%), C16:1 (0.6%), C16:2 (0.2%), C16:3 (not detected),
C18:0 (4.4%), C18:1 (7.8%), C18:2 (75.7%), and C18:3
(0.4%). The low content of C16:2 and the absence of C16:3
are considered due to the low content of C16:1. In contrast,
the Cop-odeA yeast transformant can utilize more than 40%
of C16:1 of the total fatty acids to accumulate C16:2 and
C16:3. On the other hand, C18:3 is synthesized in a small
amount from a lot endogenous C18:2 in C. cinereus.
The Cop-odeA transformant can accumulate 0.6% of C16:3
of the total fatty acids. The biosynthesis of C16:3 indicated
the Cop-odeA protein has low-level D15 desaturation activity,
but not the x3 desaturation activity. C16:3, which possesses amethyl terminal double bond at the x1 position, is a very unu-
sual fatty acid. The identiﬁcation of C16:3 was only reported in
Trichoderma sp. by Shirasaka et al. [11], but the enzymatic and
genetic information related to its biosynthesis remains unclear.
This is the ﬁrst report about a desaturase involved in the bio-
synthesis of C16:3, which is expected to contribute to expan-
sion of varieties of unsaturated fatty acids and elucidation of
unidentiﬁed reaction mechanisms of fatty acid desaturation.
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